Abstract: Developments of advanced ultrasonic sensors have made significant impact in structural health monitoring as well as in other various fields including electronics, biomedicine, and geophysics. We describe a cost-effective, highly stabilized, and sensitive ultrasonic sensing system based on a tunable, narrow-linewidth fiber laser locked to resonance of a phase-shifted fiber Bragg grating (PS-FBG). Stable single-longitudinal-mode (SLM) operation of the fiber laser is achieved with a narrow-band self-written FBG that dynamically tracks the lasing wavelength. The SLM fiber laser with 1.48-kHz linewidth and 40-nm tuning range is frequency locked to the PS-FBG resonance in Pound-Drever-Hall configuration for robust and sensitive ultrasonic detection. The sensing system exhibits a high signal-to-noise ratio for ultrasonic detection and further application of the system for lamb wave detection makes it especially attractive for structural health monitoring.
Introduction
Ultrasonic sensors are widely used in structural health monitoring (SHM), biomedical imaging and geophysical studies [1] - [3] . The detection of ultrasound is conventionally performed using piezoelectric materials. Fiber-optic ultrasonic sensors, especially fiber Bragg gratings (FBGs), offer attractive advantages compared to their electric counterparts such as mechanical flexibility, small size and immunity to electromagnetic interference [4] - [6] . Recently, π-phase shift fiber Bragg grating with a sharp resonance in its reflection bandgap has attracted extensive interests for ultrasonic sensing for its broad bandwidth and high sensitivity. Rosenthal et al. achieved a wide bandwidth of 10 MHz by interrogating a phase-shift fiber Bragg grating (PS-FBG) with a narrow-linewidth tunable laser based on edge filter technique [7] . We demonstrated a PS-FBG based ultrasonic imaging system by using wavelength tracking in previous research [8] . Despite the great promise of PS-FBG sensors for highly sensitive and broadband ultrasonic detection, there are two main issues that challenge their practical applications. One of the challenges is that due to the extremely narrow bandwidth of the PS-FBG, a narrow linewidth laser with high tunable resolution is typically needed to interrogate the sensor for high signal-to-noise ratio (SNR), which results in considerable cost of the system [7] - [9] . Methods such as employing an amplified spontaneous emission (ASE) light source and matched filters to demodulate the PS-FBG can be achieved with low cost, but it sacrifices sensitivity due to the high intensity noise induced by the ASE light source [10] . An Fig. 1 . Schematic diagram of ultrasonic sensing based on tunable single-mode fiber laser and phaseshifted fiber Bragg grating. PC: polarization controller; TOBPF: tunable optical band-pass filter; EDF1: erbium doped fiber as gain medium; EDF2: unpumped erbium doped fiber served as a saturable absorber; WDM: wavelength-division multiplexer; PD: photoelectric detector; LPF: low-pass filter; DAQ: Data Acquisition; FG: Function Generator; LPF: low-pass filter.
erbium fiber laser with an inbuilt PS-FBG was previously reported for low cost and highly sensitive ultrasonic detection [11] . Unfortunately, 22 dB instability of the signal level was observed with the system, due to the uncontrollable initial lasing mode position. Another challenge is the long-term stability of the PS-FBG sensing system in practical operations. Ultrasonic detection using PS-FBG is commonly based on edge filter technique, where wavelength of a narrow-linewidth laser is set to the linear spectral range of PS-FBG resonance [7] , [8] . Temperature fluctuations and low-frequency noise may easily shift the Bragg wavelength of PS-FBG out of its dynamic range. To address this problem, various studies have been conducted for stabilization of the sensing system based on methods such as wavelength tracking [8] , Pound-Drever-Hall (PDH) locking [9] , [12] and adaptive wavelength demodulation [13] . Among these, PDH method is especially promising. In addition to its excellent capability of system stabilization, PDH method has shown remarkably low noise in frequency measurements of strain and ultrasound [9] , [14] .
In this study, we demonstrate a novel ultrasonic sensing system based on a tunable, narrowlinewidth fiber ring laser locked to resonance of PS-FBG, which solves the problems among sensitivity, stability and cost of the fiber-optic sensing systems. A compact tunable singlelongitudinal-mode (SLM) erbium-doped fiber laser with a linewidth of 1.48 kHz was constructed to interrogate the PS-FBG with high SNR. Stable SLM operation of the laser is achieved with a narrow-band self-induced FBG that dynamically tracks the lasing wavelength [15] , [16] . The frequency of the fiber laser is locked to center of a PS-FBG resonance in a PDH configuration. Ultrasonic waves impact on the PS-FBG and cause the Bragg wavelength shift (typically less than 1 pm [5] ) due to the strain-optic and geometric effects. Such a subtle wavelength shift can be directly monitored from the PDH error signal.
Results and Discussion

Experimental Setup
The Schematic diagram of the proposed sensing system is shown in Fig. 1 . A compact tunable single-longitudinal-mode (SLM) erbium-doped fiber laser was first constructed to interrogate the PS-FBG for high SNR. A 10-m erbium doped fiber (EDF) is used as gain medium and pumped by a 980 nm laser diode via a 1550/980 WDM coupler. To ensure unidirectional operation, two fiber isolators are inserted at both sides of the EDF. A tunable optical band-pass filter (TOBPF) with bandwidth of 0.1 nm is employed for coarse wavelength selection and its wavelength can be tuned by an electrical signal. Light waves after passing through the TOBPF are split into two counterpropagating beams within a Sagnac loop, where 4-m unpumped EDF is inserted as a saturable absorber. Due to the standing-wave saturation effects in the unpumped EDF, a self-written FBG with ultra-narrow bandwidth is produced that automatically tracks the wavelength of the TOBPF [15] , [16] . The total length of the cavity is about 20 m, corresponding to a free spectral range (FSR) of 10 MHz. We used low-doped EDF (doping concentration ρ = 5.4 × 10 18 Er 3+ /cm 3 ) for the fiber laser. Considering the unpumped EDF length of 4 m and the effective refraction index of the EDF n eff = 1.48, the 3-dB bandwidth of the self-tracking FBG should be less than 6 MHz [16] . Therefore, SLM operation is well satisfied.
Then, the fiber laser is frequency locked to the PS-FBG resonance based on Pound-Drever-Hall technique for stabilized ultrasonic detection. The laser is phase modulated at frequency of 175 MHz using a phase modulator and sent to the PS-FBG. An optical circulator guides the light reflection from the PS-FBG to a fast photoelectric detector (PD) with a bandwidth of 200 MHz. The PD output is mixed with a local oscillator and being low-pass filtered to produce the PDH error signal, which is an odd function of frequency detuning between the fiber laser and PS-FBG. To lock the laser to center of the PS-FBG resonance, the error signal is fed back to drive the TOBPF for fine tuning of the laser frequency via an integral and proportional servo with loop bandwidth of 1 kHz. Detection of ultrasound is performed on a 300 × 300 × 2 mm 3 (l × w × h) aluminum plate, where PS-FBG is glued with a viscous ultrasonic couplant (acoustic impedance 1.6 × 10 6 kg/m 2 •s). As reference, a PZT sensor (PZT1) is placed nearby the PS-FBG sensor and both sensors are about 130 mm away from the PZT actuator (PZT2). No amplifier was used for both the PS-FBG and PZTsensors.
Characteristics of the Fiber Ring Laser
SLM operation of the laser was confirmed from the RF spectrum of the laser output measured by using a RF spectrum analyzer. As shown in Fig. 2(a) , no frequency beat induced by adjacent lasing modes was observed, demonstrating SLM operation of the laser. Single mode selection was achieved by the narrow-band self-written FBG together with TOBPF. In contrast, when the unpumped EDF was replaced with a 4-m single-mode fiber (G652), single mode selection was no longer satisfied and strong beat signals were detected at a frequency spacing of ∼10 MHz, corresponding to FSR of the cavity (as seen in Fig. 2(b) ). The laser linewidth was measured by using delayed self-heterodyne method with a 49-km fiber delay line and a phase modulator operating at 150 MHz. Fig. 2(c) shows the self-heterodyne RF spectrum centered at 150 MHz. A 3-dB bandwidth of 2.96 kHz was obtained, corresponding to a narrow laser linewidth of 1.48 kHz. Laser wavelength can be tuned by electrically driving the TOBPF. Fig. 3(a) depicts the spectrum of laser output when changing the applied voltage to the TOBPF. A wide tuning range of 40 nm was achieved from 1535.68 nm to 1575.76 nm. The output power of the laser versus the input pump power is shown in Fig. 3(b) . The output power increased linearly with the pump power and the laser threshold was observed at ∼40 mW. The stability of the laser wavelength and power was also evaluated as shown in Fig. 3(c) and (d) . The laser exhibited a low wavelength drift of 0.025 nm and 2% power fluctuation in 60 min, primarily attributed to thermal perturbations.
Frequency Locking of the Laser to PS-FBG
For stabilized sensing applications of the proposed system, the fiber laser was frequency locked to center of a PS-FBG resonance as illustrated in Fig. 1 . The PS-FBG with 5-mm grating length and 10-pm bandwidth was manufactured by Fujikura Company and the Bragg wavelength of the grating was about 1549.5 nm. Wavelength of the laser output can be continuously swept when applying a triangle wave to the TOBPF. The sweeping frequency of the laser was limited by maximum tuning frequency of the TOBPF, which was below1 kHz. Fig. 4(a) shows the scanned reflection spectrum of the grating by sweeping the fiber ring laser at frequency of 10 Hz. The laser power was set to 5 mW. The grating exhibited a sharp resonance in its reflection bandgap induced by the π-phase shift in center of the grating. During wavelength scanning, the laser showed stable and low-noise performance as seen from the scanned intensity spectrum. Fig. 4(b) shows a typical PDH error signal measured after the low-pass filter and the slope of the PDH error signal was about 0.18 V/pm. The signal served as an indicator of wavelength detuning between the fiber laser and PS-FBG, and frequency locking of the laser to PS-FBG was achieved by feedback of the signal to the TOBPF through an integral and proportional servo.
Ultrasonic Sensing and Lamb Wave Detection
Detection of ultrasonic waves using PS-FBG relies on the Bragg wavelength shift induced by ultrasound. Low-frequency noise induced by environmental perturbations and long-term shift of laser frequency can be suppressed via the loop feedback. In the meantime, due to the much higher frequency of ultrasound than the loop bandwidth (1 kHz), ultrasound can be directly measured from the error signal. Ultrasonic waves were generated with a PZT actuator driven by a function generator. A high-pass digital filter with cutoff frequency of 10 kHz was used to remove unnecessary noise. Fig. 5(a) shows the detected waveforms by the PS-FBG and the reference PZT sensor, when a continuous 200 kHz sinusoidal wave was applied. The corresponding frequency responses are shown in Fig. 5(b) . The PS-FBG sensor exhibited a high signal-to-noise ratio (SNR) of 41.7 dB, which was comparable with that of the PZT sensor. Different with PZT sensors, which operate in resonance condition, PS-FBG sensors have no mechanical resonance and are sensitive to broadband signals, which may result in a much higher noise background than PZT. The performance of the PS-FBG sensor can be further improved by using PS-FBG with narrower bandwidth and shaper spectral slopes. In solids, ultrasonic waves can propagate as longitudinal waves, shear waves, surface waves, and in thin materials as lamb waves. Lamb waves can propagate over a long distance in plate-like structures and have been widely accepted as an efficient means for damage inspection [17] , [18] . For such applications, piezoelectric materials are commonly used as sensors, which are vulnerable to electromagnetic interference and may not applicable in inflammable atmosphere [19] . Fiber-optic sensors are the most promising alternative that can overcome these technical problems.
We explored the feasibility of the proposed fiber-optic system for Lamb wave detection in thin aluminum plate. To excite Lamb wave, the PZT actuator was driven by a three-cycle sinusoidal signal at 200 kHz with Hamming window as shown in Fig. 6(a) . Fig. 6(b) shows the corresponding time-frequency spectrum. The frequency of the signal is mainly distributed from 100 kHz to 300 kHz. The thickness of the aluminum plate is 2 mm. Considering the frequency thickness product below 1 MHz•mm, only fundamental modes (S 0 and A 0 ) of lamb wave can be excited in the plate [20] . The detected signals by PS-FBG and PZT sensor are shown in Fig. 7(a) . The sensors exhibited similar waveforms and detected signals distinct from the noise background. Fig. 7(b) and (c) depict the time-frequency spectra and frequency response of the sensors, respectively. Both sensors showed lower SNR to the ultrasonic pules due to their weaker energy compared with that of continuous waves. For modes discrimination, group velocities of the S 0 and A 0 modes in aluminum plate at each frequency thickness product were obtained using RayleighLamb equation [21] . The S 0 and A 0 modes of the received waves were determined from the theoretical arrival time of the S 0 and A 0 modes with a propagation distance of 13 cm, as shown in Fig. 7(d) . We believe this result demonstrates great potential of the proposed system for SHM applications. 
Conclusion
In summary, we have proposed and demonstrated a novel ultrasonic sensing system based on frequency locking of tunable single-longitudinal-mode fiber laser to a PS-FBG. A compact SLM erbium-doped fiber laser with 40-nm tunable range and 1.48-kHz linewidth was locked to the PS-FBG resonance based on Pound-Drever-Hall technique. Ultrasonic waves impacted on the PS-FBG and caused the Bragg wavelength shift. Such a shift in wavelength was detected by directly monitoring the PDH error signal whereas low-frequency perturbations were suppressed by the locking feedback. A high SNR of 41.7 dB was achieved with the proposed sensing system and further application of the system for lamb wave detection showed great promise of system for structural health monitoring.
